Purpose To determine the composition of commercially available protein supplements for embryo culture media and test if differences in protein supplement composition are biologically relevant in a murine model. Methods Amino acid, organic acid, ion and metal content were determined for 6 protein supplements: recombinant human albumin (AlbIX), human serum albumin (HSA and Buminate), and three complex protein supplements (SSS, SPS, LGPS). To determine if differences in the composition of these supplements are biologically relevant, mouse one-cell embryos were collected and cultured for 120 hours in each protein supplement in Global media at 5 and 20 % oxygen in an EmbryoScope time-lapse incubator. The compositions of six protein supplements were analyzed for concentrations of 39 individual amino acids, organic acids, ions and elements. Blastocyst development and cell cycle timings were calculated at 96-hours of culture and the experiments were repeated in triplicate. Blastocyst gene expression was analyzed. Results Recombinant albumin had the fewest undefined components , the lowest concentration of elements detected, and resulted in high blastocyst development in both 5 and 20 % oxygen. Buminate, LGPS and SPS had high levels of transition metals whereas SSS had high concentrations of amino acids. Pre-compaction mouse embryo development was delayed relative to embryos in AlbIX for all supplements and blastocyst formation was reduced in Buminate, SPS and SSS. Conclusions The composition of protein supplements are variable, consisting of previously undescribed components. High concentrations of pro-oxidant transition metals were most notable. Blastocyst development was protein dependent and showed an interaction with oxygen concentration and prooxidant supplements.
Introduction
Protein is an important component of embryo culture with documented lot-to-lot variability [1] [2] [3] [4] [5] [6] [7] that can adversely affect embryo development [1, 2, 4, [8] [9] [10] . Protein supplements are poorly defined and thus represent a gap in our control of quality in the clinical embryology laboratory. Closing this gap requires detailed analysis of protein supplements, analysis that can identify potentially harmful components that can then be avoided to minimize detrimental effects as well as beneficial components that can be selected for, or even supplemented, to improve embryo development.
Clinical laboratory practices for protein supplementation vary considerably for both the type and concentration of protein used. Menezo et al. [11] first demonstrated that albumin from human serum (HSA) could be used as a replacement for serum and today is the most common protein used in clinical embryology laboratories, whether alone or as part of a complex protein supplement. Adler et al. [12] showed that a plasma protein fraction containing a mixture of albumin and α and β globulins could support embryo development, leading to the first complex protein supplement developed specifically for clinical ART [13] . Though most pre-supplemented media contains HSA at 5 mg/mL, supplementation with varying levels of complex proteins is common and occurs either with protein-free media or with media containing HSA [14] . A recombinant albumin product is also available for supplementation of human embryo culture medium [15] , although it is more expensive than human-derived protein products and has not been shown to improve clinical outcomes.
Little is known about the source of lot-to-lot variation in protein supplements. The albumin molecule itself contributes to variability as a potent antioxidant with lot-to-lot variation in REDOX activity [16] . Albumin is also a carrier of hormones, growth factors, energy substrates (citrate and fatty acids), medications, enzymes, and metals [6] . In addition, stabilizers added to HSA preparations show batch variation at concentrations that affect mouse embryo development [4] . Complex protein supplements show even more variability than HSA. Meintjes [3] reported routine batch testing of a complex supplement, finding variations in hormones, cytokines, electrolytes and endotoxins.
Protein supplements, including HSA, have heterogeneity that should be defined in order to limit adverse effects on clinical outcomes. To address this gap in knowledge, we performed a systematic analysis of the composition of six different protein supplements, including standard HSA, recombinant HSA lacking stabilizers, three complex protein supplements, and a clinical HSA product not prescreened by an ART supplier. We then determined if observed differences in supplement composition were biologically relevant using mouse embryo development. Studies were performed at both reduced (5 %) and ambient (20 %) oxygen to determine if there were any protein by oxygen interactions.
Materials and methods

Protein supplement analysis
Protein supplement sources
Six protein supplements were analyzed. Three albumin products were obtained and tested at 5 mg/mL: recombinant human serum albumin (rHSA; AlbIX, 100 mg/mL, Novozymes), human serum albumin (HSA) from a general supplier (Buminate, 50 mg/mL, Baxter Scientific) and one from an ART distributor (HSA, 100 mg/mL, IVFOnline). AlbIX differs from Vitrolife's G-MM rHSA in that it does not contain either of the stabilizers n-acetyltryptophan and octanoic acid added to all protein supplements. Complex protein supplements from three different companies were obtained and tested at 10 % v:v: LGPS (IVFOnline); SPS (Origio a/s) and SSS (Irvine Scientific). SPS and LGPS contain 50 mg/mL protein consisting of 88 % HSA and 12 % α and β globulins, resulting in a final albumin concentration of 4.4 mg/mL. In contrast, SSS contains 60 mg/mL protein with 84 % albumin and 16 % α and β globulins, resulting in a final albumin concentration of 5.0 mg/mL. We chose the recombinant albumin AlbIX, which is not currently supplied for use in ART, as a control that lacks stabilizers and the variability of human derived products. Buminate was selected for testing because it is an FDA-approved HSA product that is used by some IVF clinics but does not go through quality control testing for use in ART.
Protein compositional analysis
Amino acids, organic acids, transferrin and elements were quantified in protein supplements as previously described . Two lots of each of the complex protein supplements were tested to determine lot-to-lot variability of observed components.
Mouse embryo assay
The Mayo Clinic Institutional Animal Care and Use Committee (IACUC) approved all procedures involving animals. All mice where obtained from Charles River Laboratories. Six to nine week old FVB female mice were superovulated with 5 IU of intraperitoneal pregnant mare serum (PMS; NHPP) followed 48 h later with 5 IU of intraperitoneal human chorionic gonadotropin (hCG; APP Pharmaceuticals). Females were individually caged with male CF1 mice overnight and mating was confirmed by the presence of a vaginal plug. Cumulus surrounded zygotes were isolated from oviducts obtained 18 h after hCG.
After denuding zygotes with hyaluronidase (250 u/mL; H3506 Sigma Chemical), embryos were transferred individually into 25 μL of Global medium containing one of the supplements in an EmbryoSlide (Unisense Fertilitech, Aarhus, Denmark) and each slide was inserted into an EmbryoScope (Unisense Fertilitech). A 6x2 factorial study was performed with 6 protein supplements (AlbIX, Buminate, HSA, LGPS, SPS, SSS) cultured at 20 % or 5 % oxygen. All experiments were performed in triplicate at 37°C and 6.2 % CO 2 (pH of 7.2-7.3) with 10-11 embryos for each protein/ condition combination. Expanded blastocyst at 96 h of culture was the primary endpoint. Data for precise cell division timings using time-lapse imaging were also obtained.
Quantitative PCR
Hatching blastocysts were frozen at −80°C in four groups of four blastocysts per treatment in lysis buffer. RNA was extracted using the PicoPure RNA Isolation Kit (Applied Biosystems; Carlsbad, CA) with on-column DNase treatment (Qiagen; Valencia, CA). Total RNA extracted from blastocysts was loaded into the cDNA reaction. cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) following the manufacture's protocol. Primer design and qPCR were performed as previously described [17, 18] . Primers for genes previously correlated to embryo viability (bone morphogenic protein 15, Bmp15; caudal-type homeobox protein 2, Cdx2; cyclooxgenase 2, Cox2; DNA methyltransferase 3a, Dnmt3a; glutaredoxin 2, Glrx2; glucose transporter 1, Glut1; glucose regulated protein 78, Grp78; octamer-binding protein 4, Oct4; and placenta specific 8, Plac8) were designed for qPCR using Primer3 [19] . Accession number, primer sequence, and product length of target and reference genes are presented in Supplemental Table 1 . Primer specificity was determined by melt curve analysis and PCR products were cloned into pCR 2.1 TOPO vectors and transformed into One Shot TOP10 chemically competent E. coli (Invitrogen Life Technologies; Grand Island, NY). Plasmids were sequenced by the DNA sequencing facility at Colorado State University (Fort Collins, CO) to confirm the identity of the transcript and plasmids were quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen Life Technologies). Quantitative PCR (qPCR) was performed on three-fold diluted sample cDNA run in duplicate. Target genes were analyzed using iQ SYBR Green Supermix (Bio-Rad; Hercules, CA, USA) and an Applied Biosystems 7300 Real Time PCR system. A reference gene was analyzed in each sample for accurate relative quantification and a standard curve was generated from serial dilutions of EcoRI digested plasmids (10 7 to 10 1 molecules).
Data and statistical analysis
Developmental and time-lapse data were analyzed using a one-way analysis of variance (ANOVA) with protein and oxygen (5 vs 20 %) in the model. Differences in blastocyst formation and cell cycle timings were determined with Dunnett's test for pair-wise comparisons with AlbIX as the control. Statistical analyses were performed using JMP statistical software (SAS Institute, Cary, NC). For relative quantification of transcript abundance in hatching blastocysts, data were analyzed using the relative expression software tool, REST 2005 version 1.9.12 [20] , as previously described [17, 18, 21, 22] . 18 s ribosomal RNA (18 s rRNA) was used as the reference gene as transcript abundance was not significantly different between treatment groups. Expression ratios of the target and reference genes were generated from Eq. 1 using the efficiency of the qPCR reactions (E) and the ΔCT values of the control and sample (treatment) oocytes. The levels of significance were calculated by pair-wise fixed reallocation randomization tests with 50,000 iterations and significance was determined with a P-value less than 0.05.
Results
Protein supplement composition
Glucose and organic acids
Two of the complex proteins (LGPS and SPS) contained citrate ( Table 1) that was present at similar concentrations between the two lots tested. All of the supplements other than AlbIX contained the stabilizer octanoic acid at levels appropriate for the albumin concentration (Leonard et al., 2013) .
Other organic acids and glucose were not detected.
Amino acids
No amino acids were detected in two of the albumin products, AlbIX and HSA. Low concentrations were present in Buminate, LGPS and SPS (Table 2 ). In contrast, SSS had high concentrations of both essential and non-essential amino acids. These concentrations were similar between the two lots tested and were highest for lysine.
Elements
Concentrations of chloride and sodium, constituents of saline used as the carrier for albumin, were similar among the human products but were higher for AlbIX (Table 3) . Electrolytes common to culture media , such as calcium, potassium and magnesium were absent or present at concentrations that would have a minimal effect on the final working concentration in culture medium. This is in contrast to phosphorus, which was high in SSS (1.55 mM) and AlbIX (6.45 mM) versus the other supplements. Significant levels of trace metals were present in all 6 protein supplements with iron the most notable. AlbIX had the lowest iron concentration (126 mcg/L) whereas LGPS and SPS had >1 mg/L iron, levels that would result in >100 mcg/ mL in culture medium if used at the standard 10 % v:v dilution. Chromium and manganese were present at concentrations 10-fold higher than found in culture medium; these levels would effectively double the concentration present during embryo culture after supplementation. Other trace elements present in human-derived protein supplements included copper, selenium, aluminum, and vanadium. Lot variation was minimal for all metals/electrolytes except aluminum, manganese and vanadium, which were 10-fold, 5-fold and 2-fold higher, respectively, in one lot of SPS relative to the other lot of SPS.
Three of the supplements, Buminate, LGPS and SPS, were notably pro-oxidant, with substantially higher concentrations of the transition metals copper, iron and vanadium. In addition, LGPS and SPS had higher levels of aluminum relative to the other supplements. AlbIX had the lowest overall amount of transition metals. The iron binding protein, transferrin, was detected in the complex protein supplements, present at plasma levels in SPS and LGPS (250-270 mg/dL) and low levels in SSS (24-37 mg/dL).
Embryo development
Embryo development was compared among the protein supplements at both 5 % and 20 % oxygen. While blastocyst development trended higher in 5 % oxygen (data not shown), the difference was not statistically significant in the model that included protein and oxygen as independent variables. Since there also was no protein by oxygen interaction, blastocyst development for the two oxygen concentrations was grouped for analysis. Significantly more embryos developed to the expanded blastocyst stage by 96 h of culture in the AlbIX group compared to embryos cultured with Buminate, SPS, or SSS (p<0.001; Fig. 1 ). Compared to AlbIX, a similar number of embryos in the HSA (p=0.10) and LGPS (p=0.05) developed to the expanded blastocyst stage.
Since oxygen concentration might interact with protein supplements that have high levels of pro-oxidant transition metals (iron, chromium and vanadium), we compared blastocyst development and cell cycle durations between control supplements (AlbIX, HSA and SSS) and supplements containing high levels of pro-oxidant transition metals (Buminate, LGPS, SPS). The duration of the first and second cell cycles were increased (p<0.01 and p<0.05, respectively) and the percentage of embryos that developed to the blastocyst stage decreased (p<0.001) for embryos cultured in pro-oxidant (Table 4 ). This effect was not observed at 5 % oxygen. Time-lapse imaging provides an assessment of embryo development that is more sensitive than blastocyst development as well as providing evidence for either early or late effects on embryo growth. Though the time of the first cleavage to the 2-cell stage was similar among the protein groups (Supplemental Table 2 ), there was a trend for a shorter interval that favored AlbIX. Pre-compaction development was therefore assessed relative to time at the 2-cell stage (Supplemental Fig. 1 ). Relative to AlbIX, the second cell cycle (cc2; t3-t2) was delayed by Buminate (p<0.001), SSS (p<0.001) and SPS (p<0.01). A cumulative effect resulted in a difference in time to the 8-cell stage of 2 to 6 h (Supplemental Table 2 ) that was significant for Buminate, SSS, LGPS and SPS (p<0.001) but not for HSA (p= 0.06). A comparison of ART-only products (HSA, SSS, LGPS, SPS) illustrates that SSS caused a significant delay in precompaction cell divisions (Supplemental Fig. 1 ).
Gene expression
There was no significant difference in transcript abundance for Bmp15, Cox2, Dnmt3a, Glrx2, Oct4 or Grp78 when comparing gene expression of hatching blastocysts cultured in AlbIX, Buminate, HSA, LGPS, SPS or SSS at 5 % oxygen (p>0.05). There was a significant increase in transcript abundance of Cdx2 in blastocysts cultured at 5 % oxygen in LGPS compared to blastocysts cultured in Buminate or SSS (p<0.05; Supplemental Table 3 ). In 5 % oxygen, abundance of Glut1 was significantly increased in blastocysts cultured in SSS compared to LGPS (p<0.05; Supplemental Table 4 ). Under optimal environmental conditions (5 % O 2 ), expression of Plac8 was the most variable between blastocysts cultured with different protein supplements (Supplemental Table 5 ). There was a significant decrease in abundance of Plac8 in blastocysts cultured in Buminate, HSA or SSS compared to blastocysts cultured in AlbIX (p<0.05).
Abundance of Plac8 was significantly increased in blastocysts cultured in SPS and LGPS (p<0.05) compared to those cultured in Buminate (Supplemental Table 5 ). Furthermore, Plac8 abundance was significantly decreased in blastocysts cultured in SSS compared to blastocysts cultured in SPS or LGPS (p<0.05; Supplemental Table 5 ). At 20 % oxygen, there was no difference in transcript abundance in hatching blastocysts for Cdx2, Cox2, Dnmt3a, Glrx2, Grp78, Oct4 or Glut1 between protein supplements (p>0.05). There was a significant increase in transcript abundance of Bmp15 in blastocysts cultured in SSS compared to blastocysts cultured in SPS (p < 0.05; Supplemental Table 6 ). There was a significant increase in Plac8 abundance in blastocysts cultured in HSA compared to blastocysts cultured in Buminate or SSS (p < 0.05; Supplemental Table 7) .
When analyzing the qPCR data between O 2 environments, there was no difference in transcript abundance for any of the genes analyzed within protein supplement for Buminate and HSA (p>0.05; Supplemental Fig. 2 ). Blastocysts cultured in SPS where the most affected by O 2 environment in terms of gene expression. Abundance of Glrx2 and Plac8 were significantly increased (p<0.05) in blastocysts cultured at 5 % oxygen compared to blastocysts cultured at 20 % oxygen when SPS was utilized as the protein source (Supplemental Fig. 2 ).
Discussion
In this study we demonstrate that protein supplements contain elements and amino acids that vary among products used for embryo culture, components that also vary from lot-to-lot. In addition, human derived protein supplements slow precompaction mouse embryo development and result in reduced blastocyst formation relative to stabilizer-free recombinant HSA. Protein supplements in mouse culture medium also alter expression of genes known to be related to embryo quality in the resulting blastocysts. Even under optimal oxygen environment, Buminate and SSS reduced expression of several of these genes, while SPS, LGPS and AlbIX increased their expression, suggesting that protein supplement influences embryo quality. Numerous variables impact IVF outcomes and the importance of the quality of the embryo culture environment cannot be understated. Undefined products such as complex protein supplements represent a significant gap in our understanding of this environment. This study is a first step in providing a comprehensive definition of protein supplements in order to assure quality.
Protein is commonly added to culture media for human IVF and embryo culture, with HSA or a complex protein containing albumin and α-and β-globulins the two most common supplements. Two of the products, SPS and LGPS, are equivalent to USP Plasma Protein Fraction (PPF) whereas Irvine SSS is a mixture of USP HSA (84 %) and USP Human Normal Immunoglobulin (16 %). At 10 % v:v final dilution, SSS contains more albumin (5 mg/ml) than the two PPF products (4.4 mg/ml). The first reports of PPF for human IVF [12, 23] were followed closely by Irvine Scientific's development of SSS [13] . Albumin from human serum was first used for embryo culture by Yves Menezo [11] and today is the most common protein supplement in use worldwide, though complex protein supplements are popular in the United States. Recombinant HSA (rHSA) is also commercially available [15] , though its use is limited, perhaps due to additional cost without evidence of improved results.
All USP protein products contain stabilizers to protect the protein from oxidation during heat inactivation of viruses. One of these stabilizers, octanoic acid, varies among lots of HSA and adversely affects mouse embryo development [4] . In addition to batch variation, choice of protein supplement and concentration varies considerably among clinics, with one study adding SSS to media pre-supplemented with HSA [14] . Coupled with our findings on undefined contaminants, protein should be considered an important source of inter-and intra-clinic variation.
The high concentration of amino acids present in SSS was an unexpected finding. Free amino acids are present in plasma [24] but are not detected in HSA or PPF, indicating that the purification process for these proteins removes plasma amino acids. The source of amino acids in SSS is therefore unknown. Since the concentrations are high enough to alter the underlying composition of selected culture media, most of which contain a specific mix of both essential and non-essential amino acids [25] , their source and potential impact on culture merit further investigation.
We did not obtain standard blastocyst development (80 % in our laboratory with inbred or hybrid mouse strains) for any protein other than the recombinant albumin, AlbIX. This could be because 1-cell mouse embryos are more sensitive to in vitro stress when cultured individually versus group culture (unpublished data). Given our previous report on improved sensitivity of mouse one-cell individual embryo culture to detect oil toxicity [26] , this finding illustrates that individual culture should be considered as a more sensitive method of detecting toxicity in standard quality control testing. Effects on embryo development, particularly at 20 % oxygen, may be due in part to contamination with pro-oxidant metals, resulting in an overtly pro-oxidant environment leading to an increase in DNA strand breaks [27] . Trace elements were detected in every protein supplement tested, with chromium, iron, manganese, selenium, and vanadium at concentrations higher than the normal range for human serum/plasma. Copper, present at levels considered normal for human serum, is another transition metal and was highest in the complex protein supplements (200-600 mcg/mL). The element aluminum, which has no known biological function, was also present at high concentrations and likely a contaminant introduced during the manufacturing process. The trace elements are considered essential for cell biology and are usually bound to proteins to form metallo-and selenoproteins [28] . Chromium, copper, iron, manganese and vanadium are transition metals which, along with the nonmetal selenium, contain unpaired electrons, rendering them highly reactive [29] , particularly in cell culture [30] . Because of this oxidative reactivity, transition metals and selenium can participate in redox reactions that generate reactive oxygen species (ROS). Each of these elements has demonstrated toxicity in humans [31] [32] [33] .
Little is known about trace element levels in proteins approved for use for embryo culture; however, metal ions such as aluminum, copper, iron and vanadium are known contaminants of commercial HSA [34] . The European Pharmacopeia (EP) sets limits for aluminum in HSA to<200 ug/L. A test for aluminum is not included in the US Pharmacopeia's (USP) monograph for HSA. In contrast, both the EP and USP limit the amount of heme in HSA. Heme is the prosthetic group of metalloproteins that contains iron (Fe 2+ ) and porphyrin which, when released from the protein, is a highly reactive pro-oxidant [35] . In contrast, neither EP nor USP require testing for aluminum or heme in Immune Globulin (SSS), or USP's Plasma Protein Fraction (LGPS, SPS). We found that one lot of SPS had significantly higher aluminum than the limit set by the EP for HSA. We also found iron was elevated in the products that were not tested for heme. The form of iron in protein supplements is not known, but is likely present as heme, free iron bound to albumin, transferrin and iron chelates, all of which are readily available for redox reactions and production of ROS [36] . Since iron and transferrin were both high in SPS and LGPS, the amount of free iron that may be reactive is reduced and harmful effects potentially mitigated.
Oxidative stress in cell culture can result from an imbalance of antioxidants and pro-oxidants [37] and is a concern for culture of cells in vitro [30, 38] . Embryo culture media contain several antioxidants, either as additives or essential components of the media's composition [39] and are present at varying concentrations [25] . Antioxidants serve two functions: binding potential pro-oxidants and/or scavenging hydrogen peroxide (H2O2) and reactive oxygen species [40] . Given the variation in composition of culture media and protein supplements, the balance of pro-and antioxidant compounds and the resulting REDOX state of the culture environment is thus unknown.
Albumin is a potent antioxidant because it can bind prooxidants, such as metals, and scavenge ROS, but the latter is affected by the REDOX state of the albumin molecule. Albumin contains a primary oxidation site, Cys34, as well as 6 methionine residues that provide additional anti-oxidant potential [40] . However, this powerful antioxidant capacity is not consistent from lot-to-lot of protein [16] , where some lots of HSA or rHSA contain an increased percentage of albumin in an oxidized state. It is apparent that the quality of the culture environment in terms of REDOX potential is dependent on both the amount of metals present in the supplement and the oxidation state of albumin. Furthermore, we demonstrate a potential interplay between oxygen concentration and transition metals since embryo development was compromised in supplements with high concentrations of pro-oxidant metals during culture at ambient oxygen.
One of the goals of this research is to define the undefined: identification of factors that contribute to variable quality. A limitation of this work is that we cannot determine cause and effect of any of the identified compounds. This limits the present work to be descriptive in nature. Along with research on the REDOX state of albumin [16] and our previous work on octanoic acid [4] , there are now several candidates for further quality control testing. Several questions remain unanswered, however. For instance, why does SSS have high concentrations of amino acids and phosphorus, present at levels that will significantly alter the known amino acid composition of culture media [25] and may vary from lot-to-lot? Furthermore, microRNAs are present in SPS used for human embryo culture [41] and hormones and cytokines are also present in protein supplements [3, 42] . These remain as further undefined and unmonitored components that may affect embryo development. These findings are also of relevance to the field of stem cell derivation, where protein lot variation alters results observed between different laboratories [43] [44] [45] [46] .
In this work, we demonstrate that different protein supplements used for human clinical embryo culture affect blastocyst development and gene expression in the mouse. While the mechanism for these differences is unknown, we illustrate considerable variation among protein supplements and most notably, high concentrations of pro-oxidant transition metals.
These compounds can vary from lot-to-lot and may have significant effects on clinical outcomes. The impact of high levels of transition metals may be particularly relevant for laboratories that culture in a pro-oxidant environment of 20 % oxygen.
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